In this paper, we review emerging technologies to build up Tb/s per channel transmission capacity. The different approaches, mainly based on various implementations of orthogonal frequency division multiplexing, Nyquist wavelength division multiplexing and optical time division multiplexing, are introduced and compared with respect to complexity, spectral efficiency and transmission reach. In addition to this analysis, we review recent Tb/s per channel transmission experiments, which have employed at least one of these techniques, and compare them to conventional WDM systems. Keywords: wavelength division multiplexing (WDM), orthogonal frequency division multiplexing (OFDM), optical time division multiplexing (OTDM), matched filter
INTRODUCTION
Driven by the tremendous need of transmission capacity in future optical backbone networks, the development of transmission systems with Tb/s channel capacity is one of the major challenges. Besides transmission capacity per channel also the required optical bandwidth, and thereby the spectral efficiency, is an important design parameter for Tb/s transmission systems. When scaling data channels to bit rates in the Tb/s regime, one quickly exceeds the limits of digital signal processing (DSP). Even with parallelization methods, such as polarizationdivision multiplexing (PDM) and IQ modulation, the resulting baud rate in such systems is not feasible for state of the art electronic circuits. Due to this limitation, several frequency and time domain based approaches show up for bonding multiple lower rate channels to reach Tb/s per channel transmission capacity. Multiplexing in the time and frequency domain has long been appreciated as an effective way to overcome such bandwidth bottlenecks [1, 2] .
Whilst analog electronic techniques, such as Kineplex [1] and the related DSP implementation OFDM [3] may theoretically achieve the theoretical maximum capacity of a channel, these techniques themselves do not overcome the electronic bottleneck, and must be combined with ultra-dense WDM, where optical comb generation is often employed to provide a stable channel spacing [4] [5] [6] [7] [8] , to create Tb/s superchannels with high spectral efficiency. Such optical multiplexing techniques may clearly be employed using conventional modulation of subcarriers either in the time [9, 10] or frequency domain [11] [12] [13] [14] . With appropriate care, ideal information spectral densities may be achieved. In the frequency domain, such all-optical techniques may closely approach the capacity limits using matched filtering. This can be achieved by either using Nyquist filtering [13, 14] or approximations to the channel orthogonality condition [1] using a one [11, 12] or more [7, 8] tap optical implementation of the discrete Fourier transform required for OFDM. Inevitably, the filters will not be perfectly matched, and in this case, control of the relative phases of adjacent subcarriers may alleviate any residual penalties [12] .
In contrast to the WDM/OFDM approaches, ultra high-speed transmission experiments based on OTDM have also been demonstrated for record data rates of 1.28 Tb/s [15] and 2.56 Tb/s [16] for on-off keying (OOK) and differential quaternary phase shift keying (DQPSK) over 70 km and 160 km, respectively. Recently, datarates up to 5.1 Tb/s on a single carrier have been generated and evaluated in back-to-back experiments, by using either direct [17] or coherent detection receivers [18] . For OTDM systems using coherent receivers, the use of a pulsed local oscillator (LO) [19] and parallel optical sampling [20] are proposed to overcome the speed and bandwidth limitations of the electrical receiver part (A/D converter and DSP).
This paper gives an overview of different system approaches to reach Tb/s per channel capacity and discusses the pros and cons of the different approaches with respect to complexity, spectral efficiencies and demonstrated transmission distance in comparison to state of the art and emerging WDM solutions.
TECHNICAL APPROACHES FOR Tb/s PER CHANNEL TRANSMISSION

Frequency domain techniques
OFDM uses orthogonal optical subcarriers to multiplex a number of low-rate data signals into a single channel for transmission. The difference between OFDM and "regular" frequency division multiplexing (FDM) is that OFDM uses the tightest possible subcarrier spacing f for complex signals which is characterized by f = 1/T S , where T S is the OFDM symbol duration. As a result, the spectra of neighboring subcarriers overlap significantly and matched filters are required to separate the subcarriers. The demultiplexing of OFDM signals is often performed electronically by means of the fast Fourier transform (FFT), however, other means to achieve channel orthogonality are possible. The well known matched filter pair for OFDM is a rectangular time domain response [1, 21] where the influence of neighboring channels is eliminated by an ideal integration over a single bit period (see Fig. 1 ).
Fig. 1. WDM spectrum (left) and time pulse (right) for OFDM.
It is well known that, in the absence of intersymbol interference (ISI) and cross-talk (XT) between adjacent channels, the optimum performance is achieved if the overall Rx transfer function, obtained as the cascade of optical filter, post-detection (PD) filter and digital signal-processing (DSP) equalizer, is 'matched' to the transmitted pulses. The goal therefore is to determine matched filters which eliminate ISI and XT, but also enable the maximum channel capacity to be achieved. Besides OFDM, another well known technique consists of transmitting channels having an ideally rectangular spectrum with bandwidth equal to the baud rate R s and a sinc-like pulse shape in time, which is here referred to as Nyquist-WDM (see Fig. 2 ). Channels do not overlap in frequency domain, so XT is ideally avoided. Channel separation at the receiver is performed using a matched filter (in this case an ideal rectangular filter) to ensure that ISI does not occur at the optimum sampling instant [22] . Recently, the appropriate matched filters were implemented optically at the transmitter, and electronically, after coherent detection, at the receiver [14] .
Fig. 2. Nyquist-WDM spectrum (left) and time-domain pulse (right).
The ideal frequency response for OFDM, a sinc function, may be approximated using a single asymmetric Mach-Zehnder interferometer (AMZI) and an optical band-pass filter [12, 21] , or by an optical implementation of a discrete Fourier transform in a single compact monolithic circuit, or using a cascade of AMZIs. Where filters are not ideally matched, control of the relative phases between subcarriers may be used to minimize the impact of residual crosstalk [12] . Alternatively a cyclic prefix may be added, by operating the system with a symbol rate slightly below the subcarrier spacing, to increase the tolerance to the residual crosstalk [7] .
A possible implementation of an all-optical OFDM transmission system is shown in Fig. 3 . It uses a mode locked laser with a highly nonlinear fibre as comb source to generate the unmodulated subcarriers in the transmitter and a low-complexity all-optical FFT circuit to demultiplex the tributary subchannels in the receiver [7] . This scheme has been demonstrated at OFDM channel net bit rates exceeding 8 Tb/s and has thus been proven to be scalable far beyond the Gb/s per channel regime [8] . There exist various all-optical FFT implementations [23, 24] , but the lowest complexity for an FFT of any order is achieved by using a cascade of AMZIs and an optical gate, possibly complemented by an optical filter to reduce the necessary FFT order [8] . In this way, an 8-point FFT has been successfully used to extract single subcarriers from a 75-subcarrier OFDM band for analysis [8] . The subcarriers can subsequently be demodulated with receivers corresponding to the particular modulation format used, which in the cited experiment was 16-QAM at 18 Gbaud. The demonstration confirmed that all-optical OFDM is a viable contender for spectrally efficient Tb/s transmission. Instead of using orthogonal optical carriers and modulating them with a baseband QAM signal, it is also possible to modulate a number of optical carriers with an electrical multicarrier modulation format such as OFDM, which is here referred to as electrical OFDM. By using this approach it is also possible to multiplex several low-rate tributaries into a Tb/s superchannel [4, 5] . A basic system setup of a Tb/s electrical OFDM transceiver is shown in Fig. 4 . The transmitter is similar to the above proposed setup: a comb generator produces optical lines on a stable frequency grid, and then the lines are separated, individually modulated and recombined. The only difference is that the electrical driving signals now represent baseband OFDM signals.
Instead of using one of the above described all-optical FFT configurations the optical subchannels are coarsely separated by a simple optical filter and individually coherently detected at the receiver. The requirements to the optical filter bandwidths and the steepness of the transfer function are quite relaxed, since the electrical subchannels are separated in the digital domain using a FFT. This advantage on the other hand requires orthogonality of the neighboring optical bands and makes temporal synchronization between them necessary. A net capacity of 250 Gb/s was already demonstrated using five optical carriers, joint 32 and 64-QAM, a sample rate of 10 GS/s and an oversampling factor of 1.6 [25] . These results can easily be scaled to Tb/s per channel capacity by just increasing the number of optical carriers. , left shows the schematic of the system which was used to test the performance of Nyquist-WDM (nonreturn-to-zero (NRZ) based) by simulation (for full details see [26] ). Each 111 Gb/s PDM-QPSK Tx is based on two QPSK integrated modulators whose outputs are multiplexed through a polarization beam splitter. The channel spacing is set to R s = 27.75 GHz. Before wavelength multiplexing, each channel is shaped by an optical filter whose transfer function is designed so that its output has a raised-cosine shape [22] with -6 dB bandwidth R s and roll-off 0.1. The Tx channel spectra are not perfectly rectangular, so some XT penalty is incurred. The coherent Rx front-end includes a LO that is mixed to the incoming signal in two 90°-hybrids and is followed by 5-pole Bessel filters. The simulation results in terms of maximum reach are shown in Fig. 5 , right, for a bit error ratio of 4·10 3 , as a function of the normalized receiver bandwidth. The plot shows that a maximum reach of 2,300 km can be achieved with just 2 samples per symbol and a receiver bandwidth of 0.4 R s . A higher sampling rate enables aliasing to be avoided for larger receiver bandwidths. Note that in common with all digital coherent receivers, subsequent DSP stages may be used to fine tune the receiver filter response, so that the bandwidth of the Bessel filters may be reduced. The frequency domain experiments described above, operating with high spectral density have employed only one or two modulators. Whilst it has not yet been rigorously established that this provides sufficient pattern decorrelation for an accurate emulation of a real system, the use of three modulators in a recent Coherent WDM experiment [27] has illustrated that the additional penalties may be low under appropriate circumstances.
TDM techniques
Traditional time division multiplexing has historically dominated the evolution of the transmission capacity per laser leading to cost and power reductions, however this is currently precluded by the capabilities of digital and analogue electronics for 1 Tb/s capacities. OTDM using direct detection seeks to extend this trend. In an OTDM system sub-ps pulses are divided into several parallel data modulation branches, including appropriate time delays and are time interleaved on a single fibre in order to create high bit rate data. In the receiver an ultrafast serial-to-parallel converter is needed. It has recently been demonstrated that Tb/s single-channels may be obtained using simple binary single-polarisation data formats, such as OOK on a serial 1.28 Tbaud pulse train [9] or indeed DPSK [10] . 5.1 Tb/s PDM-DQPSK at 1.28 Tbaud has also been demonstrated with error-free performance (BER < 10 -9 ) in a standard direct detection DxPSK receiver [17] . Very recently, it has been demonstrated that optical non-linear effects in compact devices can be harnessed and used for Tb/s switching, e.g. using a chalcogenide (ChG) waveguide and a silicon nanowire [28, 29] . These results, together with semiconductor optical amplifier based demultiplexers [30, 31] , show great promise for making compact multifunctional optical chips with ultra high-speed potential. Fibre transmission has already been reported up to 1.07 Tb/s PDM-QPSK over 480 km of a dispersion managed Ultrawave fibre link [32] . OTDM can also be used in combination with coherent detection to build Tb/s transmission systems. Figure 6 shows an experimental setup to test the concepts of the generation and detection of Tb/s data streams using coherent detection (see [33] for full details). A mode-locked solid state laser with optional pulse compression generated picosecond pulses which were 8-PSK and Star-16-QAM modulated to 30 Gb/s and 40 Gb/s using a cascade of modulators. The data signals were multiplexed by a single-polarization optical fibre delay multiplexer followed by a bit-interleaving polarization multiplexing stage. The coherent optical Tb/s receiver comprised an EAM-based clock recovery which synchronised a second ERGO pulse laser acting as a local oscillator and a conventional polarization diversity 90°-hybrid and receiver structure. The local oscillator is also adjusted to overlap spectrally with the signal. By using a parallel optical sampling approach, as described in detail in [20] , it is also possible to overcome bandwidth limitations of today's ADCs, to omit the clock recovery and to compensate for transmission impairments, such as chromatic dispersion or polarisation mode dispersion, in the electrical domain. Figure 7 shows the BER versus bit rate for the back-to-back (b2b) configuration as well as transmission performance over 480 km of an Ultrawave fibre link (see Fig. 6 ) for 8-PSK and 16-QAM. Table 1 summarises recently reported Tb/s per channel transmission experiments, along with an estimation of the complexity of the implementation, where it is assumed that modulator and receiver arrays [36] will be employed to address each optical subcarrier, either individually or in small groups. Approaches such as Coherent WDM and direct detection (DD) OTDM avoid the optical and electrical complexity of coherent detection (CD), but at the expense of the ability to efficiently process higher level modulation formats. Once coherent detection is employed, the optical and electrical implementations of OFDM both offer similar levels of complexity, whilst Nyquist-WDM enables the electrical OFDM transmitter complexity to be transferred from DSP to an optical filter design. Most of these solutions however have enabled spectral efficiencies above 2 bit/s/Hz (with polarisation multiplexing) and long haul transmission performance. The following section summarizes the pros and cons of the reviewed approaches. 100 Gb/s PDM-QPSK on a 50 GHz grid with coherent detection was considered as the reference case. WDM in combination with higher order modulation formats, such as 16-QAM, PDM and coherent detection can achieve higher spectral efficiencies, e.g. 4 b/s/Hz in the case of 28 Gbaud 16-QAM on a 50 GHz WDM grid [37] , but due to the cost of higher required OSNR to reach certain system performance and transmission distance. While the optical complexity of electrical OFDM is similar to the WDM approach, the electrical complexity of the transmitter and receiver is much higher, because of the required iFFT/FFT operations and the necessary oversampling. A further disadvantage of electrical OFDM is the need of synchronization and training symbols, cyclic prefix and pilot carriers for channel estimation, chromatic dispersion compensation and phase noise correction respectively. This additional overhead reduces spectral efficiency. One advantage on the other hand is 
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its flexibility: the modulation format can be adjusted adaptively, even within one optical band. The usual low symbol rate is vulnerable to fibre nonlinearity. For optical OFDM the complexity depends on the concrete implementation, e.g. optical demultiplexed as in [7, 8] or electrical demultiplexed as in [6] . The electrical complexity at the transmitter is similar for both approaches and equal to the regular WDM case. However, the electrical complexity at the receiver side is higher for the latter approach, because the electrical separation of the subcarriers requires a higher receiver bandwidth and by this a higher sampling rate. Contrary, the optical complexity is equal for both techniques at the transmitter, while the all-optical FFT at the receiver requires N-1 additional AMZIs. One disadvantage of this approach compared to electrical OFDM is the need for an optical N:1 coupler in the transmitter instead of an AWG. This leads to higher losses and to a decrease in OSNR, but might only be a problem considering a high number of optical carriers. Additional overhead due to required cyclic prefix reduces spectral efficiency in both approaches.
The Nyquist-WDM approach leads to nearly the same complexities as in the WDM reference case, despite the need for the highly tuned optical filter at the transmitter side and the appropriate electrical filtering at receive side. The filter at transmit side can be also implemented digitally in the electrical domain, but then makes oversampling and a DAC necessary which increases the electrical complexity of the transmitter.
OTDM systems with direct detection are quite interesting because of their relatively low complexity in the electronics. However the need for a pulse source and the exact path delays at the transmitter and the required clock recovery at the receiver increase the optical complexity. Likewise for optical OFDM the individual tributaries at the transmitter have to be separated by an optical coupler instead of an AWG which increases the losses in the optical path. Further, due to the direct detection, a very accurate link design (in terms of dispersion and slope compensation) has to be applied. This disadvantage can be overcome by using OTDM in combination with coherent detection and parallel optical sampling. This though increases the electrical complexity in the receiver, due to the required signal processing algorithms, as well as the optical complexity due to the need for a pulsed LO and additional optical receiver front-ends. In general, OTDM requires a high quality, low pedestal pulse source.
Coherent WDM with direct detection is a promising approach due to its low required electrical complexity at both, transmitter and receiver side compared to the reference system. However, e.g. in comparison to optical OFDM, a simple additional circuit is required to enable control of the optical phases at the transmitter. If implemented using direct detection the lack of the EDC capabilities of coherent detection implies that a carefully designed transmission link is necessary.
CONCLUSIONS
Different time and frequency domain based system approaches emerge to build up Tb/s per channel transmission systems using either optical time domain multiplexing or traditional wavelength division multiplexing technology in combination with orthogonal frequency division multiplexing or matched filters. These optical techniques have been demonstrated to overcome the speed and bandwidth limitations of today's electrical system components (ADCs and DSPs) in both laboratory experiments and preliminary field trials. The optimum system solution will depend on the specific application and the future development of specific technologies such as optical matched filters and high speed DSPs; since clear tradeoffs between performance and complexity exist.
